A model of Heisenberg moments embedded in a NFFL can be proposed as a way to understand the enhanced FM transitions. Band structure calculations were employed to explain that the remarkable differences in magnetic ordering for different transition metal members are a result of different d-band filling. In order to test this further, a series of pseudo-ternary compounds Y(Fe x Co 1−x ) 2 Zn 20 and Gd(Fe x Co 1−x ) 2 Zn 20 were made, characterized and found to manifest a clear, systematic and comprehensible evolution from normal, to nearly FM, metal, and from AFM state to high temperature FM state, respectively, associated with a change of the d-band filling as x varies from 0 to 1.
II. EXPERIMENTAL METHODS AND CALCULATION DETAILS
Single crystals of RT 2 Zn 20 (R = Gd, Y; T = Fe, Co, Ru, Rh, Os and Ir) were grown from a Zn-rich self flux. [3, 10] The initial concentration of starting elements (R:T:Zn) were 2: 4: 3 96 (T = Fe and Co), 1: 2: 97 (T = Ru, Rh), 1: 0.5: 98.5 (T = Os), and 0.75: 1.5: 97.75 (T = Ir). High purity, constituent elements were placed in alumina crucibles and sealed in quartz tubes under approximately 1/3 atmosphere of high purity Ar. Then the ampules were heated up to 1000
• C (T = Fe and Co), 1150
• C (T = Ru), 1100
• C (T = Rh), 1150
• C (T = Os and Ir), and cooled down to 600
• C, 850
• C, 700
• C, 750
• C respectively, at which point the remaining liquid was decanted. The cooling rates were 5
• C/hr (T = Fe, Co, Ru, Rh), 4
• C/hr (T = Os), and 2.5
• C/hr (T = Ir). Growths such as these often had only 2-3 nucleation sites per crucible and yielded crystals with typical dimensions of 7 × 7 × 7 mm Os and Ir). The samples were characterized by room temperature, powder X-ray diffraction measurements using Cu K α radiation with Si (a = 5.43088Å) as an internal standard. The lattice constants were obtained by using the Rietica, Rietveld refinement program.
Subsequent single crystal X-ray analyses were made using a STOE image plate diffractometer with Mo K α radiation using the supplied STOE software [11] . The data were adjusted for Lorentz and polarization effects, and a numerical absorption correction was done.
The structural solutions were refined by full-matrix least-squares refinement using Bruker SHELXTL 6.1 software package [12] . The atomic disorder in the crystals was checked by refining site occupancies.
The magnetization measurements under hydrostatic pressure were preformed in a pistoncylinder clamp-type pressure cell, made out of non-magnetic Ni-Co alloy MP35N, in the Quantum Design superconducting quantum interface device (SQUID) magnetometers. Pressure was generated in a Teflon capsule filled with 50:50 mixture of n-pentane and mineral oil. The pressure dependent, superconducting transition temperature of 6-N purity Pb was employed to determine the pressure at low temperatures. [13] The pressure cell design allows for the routine establishment of pressures in excess of 8 kbar at low temperatures. [14] Measurements of the electrical resistivity were made by using a standard AC, four-probe technique. The samples were cut as bars, which typically had length 2-3 mm, parallel to the crystallographic [110] direction. AC electrical resistivity measurements were taken on these bars with f = 16 Hz, I = 0.5-0.3 mA in Quantum Design physical properties measurement system, PPMS-14 and PPMS-9 instrument (T = 1.85-310 K). Temperature dependent specific heat measurements were also performed by using the heat capacity option of these Quantum Design instruments. DC magnetization was measured in Quantum Design SQUID magnetometers, in applied field ≤ 55 kOe or 70 kOe and in the temperature range from 1.85 K to 375 K.
In general, when making magnetization measurements on FM samples, some attention must be paid to the effects of demagnetizing fields. [15] However, this correction is small in the case of GdT 2 Zn 20 because of the diluted nature of the magnetic moments. Considering that the magnetization is mainly from the eight Gd 3+ ions per unit cell, one estimates the maximum demagnetizing field as:
Experimentally, in the measurements of magnetization isotherms near T C , the demagnetizing field can introduce an error of T C for plate-like shaped samples. To avoid this error, rod-like samples were measured with the applied magnetic field along their long axis. This minimized the demagnetizing factor and thereby the demagnetizing field.
The electronic structure was calculated using the atomic sphere approximation, tight binding, linear muffin-tin orbital (TB-LMTO-ASA) method [16, 17] with the experimental values of the lattice parameters and atomic positions from this work. The exchangecorrelation term was calculated both within the local-spin-density approximation (LSDA) which was parameterized according to von Barth-Hedin [18] , and the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof functional [19] . A mesh of 16 k points in the irreducible part of the Brillouin zone (BZ) was used. The 4f electrons of the Gd atoms were treated as polarized core states. Despite its apparent simplicity, this approach reproduces the electronic and magnetic properties of rare earth in good agreement with experiment. [20, 21] In order to reproduce the AFM ordering in GdCo 2 Zn 20 the magnetic moments of two Gd atoms in the unit cell were aligned in opposite direction. [22] .
III. RESULTS AND ANALYSIS
A. Structure refinements Shown in Fig. 2 , the lattice parameters, determined by the refinement of powder X-ray diffraction, increase as the transition metal varies from 3d to 5d for both of GdT 2 Zn 20 and YT 2 Zn 20 . The error bars, smaller than the symbols in the plot, were estimated from the standard variation of multiple measurement results on one batch of sample. In addition to the refinement of powder X-ray diffraction, the crystallographic atomic site occupancies and positions were refined using single crystal X-ray data on the crystals of GdFe 2 Zn 20 and GdRu 2 Zn 20 . Shown in Table I , both compounds were found to be fully or very close to fully stoichiometric. The atomic site positions are very close to the isostructural compounds reported before [6] . It should be noted, though, that the similar atomic number values for Zn and Fe made it difficult to resolve possible mixed site occupancies. (see discussion below). Nevertheless, its high-temperature CW behavior yields µ ef f close to the others. The sign of the θ C values is consistent with their magnetic ordering type, except for GdCo 2 Zn 20 , which manifests AFM order but a positive, albeit small, θ C (Table   II) . This anomalous θ C value for GdCo 2 Zn 20 leads to a much larger susceptibility near the Néel temperature, T N , than T = Rh and Ir members (Fig. 3 ).
GdFe 2 Zn 20 is the most conspicuously anomalous in its behavior. non-linear, isothermal curves, is also consistent with a FM transition between 4 K and 4.5 K (Fig. 11) . Such a non-linear feature in the isothermal curves is also found in ref. [24, 25] , and may be associated with complex magnetic phenomenon in the critical region, rather than one simple, clearly defined, Landau type, 2nd order phase transition. In contrast to the Fe column compounds, the Co column compounds all appear to order antiferromagnetically with the values of T N between 4 and 7 K. Figures 12, 13 and 14 present the low temperature magnetic susceptibility, specific heat and electrical resistivity data for GdCo 2 Zn 20 , GdRh 2 Zn 20 and GdIr 2 Zn 20 respectively. In addition to these data, [26] and dρ/dT [27] have been added to the susceptibility and resistivity plots respectively. GdCo 2 Zn 20 and GdRh 2 Zn 20 manifest clear λ-type anomalies in their temperature dependent specific heat, with similar features appearing in their dρ/dT and d(χ(T )T )/dT data. From these thermodynamic and transport data we infer T N of 5.7 K and 7.6 K for GdCo 2 Zn 20 and GdRh 2 Zn 20 respectively. GdIr 2 Zn 20 shows a somewhat broader feature at T N = 4 K and there may be a lower temperature transition near 2 K indicated in the magnetization data, although this is not clearly supported by corresponding features in either specific heat or resistivity data. A summary of the thermodynamic and transport measurements on the six GdT 2 Zn 20 compounds is presented in Table II. A logical question that comes to mind when comparing T C for the Fe column members with the lattice parameter data shown in Fig. 2 is whether the drop in T C as the transition metal moves down the column is associated with a steric effect. This can be addressed experimentally by measurements of T C under hydrostatic pressure. (divided by applied field) and the low temperature magnetization isotherms for these six compounds are presented in Fig. 17 and Fig. 18 , respectively. YFe 2 Zn 20 and YRu 2 Zn 20 have a greatly and intermediately enhanced paramagnetic signals respectively, whereas the rest of the materials manifest the ordinary weak, either paramagnetic or diamagnetic, response, anticipated for non-moment bearing intermetallic compounds.
Measurements of low temperature specific heat (plotted as C p /T versus T 2 in Fig. 19 ) The simplest way to see this is to recall that, in this limit, whereas the Pauli paramagnetism is enhanced by a factor (1 − Z) −1 , the electronic specific heat is not [28] . This means that the term Z in the enhancement factor can then be inferred from the experimentally determined, 
where χ 0−dia equals χ 0 with the core diamagnetism subtracted. (Table III) . For reference, this can be compared to Z = 0.83 and 0.57 for elemental
Pd and Pt respectively [30] , which are thought to be canonical examples of NFFL. These enhanced Z values indicate that YRu 2 Zn 20 , and particular YFe 2 Zn 20 are extremely close to the Stoner limit (Z = 1). In contrast, the Z values of the rest of the members are less than 0.5, which is comparable with the estimated value of the canonical example of 'normal metal', Cu, Z = 0.29 [31] . It is worth to notice that, during the estimation of the Z values, the contribution from the Landau diamagnetism is ignored. Inversely proportional to the square of the effective mass of the conduction electrons [32] , the Landau diamagnetic con- two, contributes significantly less (Fig.20) . (Table IV) .
The electronic structure calculation of the three GdT 2 Zn 20 analogues, based on the treatment of 4f electrons in core states, can help to understand the effect of a submerging Gd Table II heavy rare earth and an over-half-filled, 3d transition metal [1, 36] , which can be understood in terms of the hybridization between the 3d electrons of transition metal and the 5d electrons of the rare earth [37] .
In addition to the electronic structure calculation, the remarkable high-temperature FM [40, 41] . In these systems, the itinerant electrons of the host (Pd, Pt or YCo composite moment). Assuming an invariant θ C , values of C can be inferred from:
Shown in Fig. 26(c) , µ ef f manifests a monotonic decrease with decreasing temperature down to 110 K, at which temperature it shows a minimum value 6.6 µ B . From 100 K to T C , µ ef f starts to rise with a highly non-linear fashion. This rise of the µ ef f value is not unexpected in the vicinity of T C in FM system [42] , and could be due to the short range ordering or formation of magnetic clusters of the Gd 3+ local moment and induced moment.
The decrease of µ ef f , in this scenario, would be the result of the formation of the magnetic droplets, consisted with the Gd +3 local moments and the oppositely polarized electron cloud from the highly polarizable host. Such magnetic droplets are not unprecidented in analogous systems, above T C . For example, the 'giant moment' was observed in dilute Fe-Pd alloy [43] ; the deficient µ ef f of local moments was also found in RCo 2 series (R = Gd-Tm) [44] above T C .
Giving that the primary difference between these two alternative explanations is whether the itinerant electrons are polarized above T C , Mössbauer spectra measurements on the Fe sites at varied temperature can resolve this paradox. 
